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Introduction
Ultrafast imaging provides an interesting tool applied in fields as diverse as medical imaging, fluid dynamics, and material science. The temporal resolution of the ultrafast imaging system is determined by the exposure time of the camera, which can be electronically gated on the timescale of picoseconds [1] and even faster by driving the time gate optically. Until now holography and various nonlinear optics effects, such as second harmonic generation [2, 3] , stimulated Raman amplification [4] and the optical Kerr gate (OKG) [5] , have been investigated for ultrafast time gating. An OKG is composed of a pair of crossed polarizers around an isotropic Kerr medium. In an optical Kerr gated imaging (OKGI) system, if there is no gating laser pulse present, the imaging beam passing through the first polarizer will be blocked by the second crossed polarizer (also called analyzer). The imaging beam can pass through the OKG only when an intense, linearly polarized gating laser pulse is introduced into the Kerr medium to induce a transient birefringence, which rotates the polarization of the imaging beam and allows most of it to pass through the analyzer. By using short gating laser pulses and a fast response Kerr medium, it is possible to realize the switch time of the OKG on the timescale of femtoseconds. Comparing with other optical time gate, the OKG has no need of satisfaction of the phase-matching condition and high intensity of the probe light. Therefore, the OKG offers a simple way to operate an ultrafast optical time gate for ultrafast imaging, in which non-scanning two dimensional imaging and wide spectral probe range are possible. Over the past few decades, the OKGI technique has been used widely for ultrafast fluorescence microscope [6, 7] , laser produced plasmas diagnosing [8] , three-dimensional shape measurements [9] [10] [11] , time-gated optical projection tomography [12] , and imaging of objects hidden in turbid media [13] [14] [15] [16] [17] .
In the OKGI system, the transient birefringence induced by the gating laser pulse in the isotropic Kerr medium is a nonlinear optical phenomenon, which depends on the laser power intensity. To ensure sufficient signal intensity, the gating beam is usually focused into the Kerr medium. Correspondingly, the imaging beam is firstly focused into the Kerr medium and then re-collimated behind the Kerr medium and finally imaged onto the camera by lenses. As is well-known, a convex lens has inherent ability to perform two-dimensional Fourier transforms. Actually, the imaging beam is firstly Fourier decomposed into different spatial frequency components by the converging lens, which are inverse Fourier transformed to form a true image of the object by the collimating and the imaging lenses. In the process, the lower spatial components are located at the center portion and the higher spatial components spread away from the lower spatial components. On the other hand, the spatial intensity profile of the gating pulse actually plays the role of a soft aperture in the Kerr medium for the imaging pulse [18] . Therefore, some higher spatial frequency components of the detected object might be filtered by the photo-induced soft aperture, which would reduce the image sharpness, even decrease the spatial resolution of the imaging system. The lowpass filtering would be significantly enhanced, when the Kerr medium is placed on the Fourier plane of the converging lens.
Although placing the Kerr medium on the image plane of the converging lens could avoid the loss of the high spatial frequency components, the object field would be limited by the diameter of the gating laser beam in the image plane [10] . For a big object, the Kerr medium should be placed on the Fourier plane alternatively. Furthermore, to improve the image contrast and signal-to-noise ratio, most OKGI systems for imaging objects hidden in turbid media also place the Kerr medium on the Fourier plane [13, 15, 18, 19] . Since the influence of the low-pass spatial filtering is an intrinsic problem of the OKGI that is not fully resolved, improvements to existing OKGI technique could provide opportunities for the advancement of its capabilities.
In this study, we proposed an improved OKGI technique by using a biased OKG, which was previously applied to probe phase and population effect in molecular systems [20] [21] [22] . Our study indicated that the biased OKG was suitable for the application in ultrafast imaging. The experimental results show that by using the biased optical Kerr gated imaging (BOKGI), the high spatial frequency components of the detected object could be effectively retrieved, which are often filtered by the photon-induced soft aperture in a conventional OKGI system. Comparing with the conventional OKGI method, the BOKGI method could enhance the sharpness of images and provide a higher spatial resolution of the imaging system.
Principle and experiments
The main experimental arrangement of the biased OKG is similar as that of the conventional OKG, which is also composed of a pair of polarizers around a Kerr medium. However, in the biased OKG, the polarization direction of the output polarizer (also called analyzer) was rotated by a small angle θ away from the orthogonal direction as shown in Fig. 1(a) , which was different from the conventional OKG as shown in Fig. 1(b) . The polarization directions of the polarizers in the both OKGs were further shown in Fig. 1(c) . For the biased OKG, the slight rotation of the analyzer creates the optical local oscillator field E 0 sinθ, here E o is the electric field amplitude of the incident imaging beam. The light electric field amplitude after the analyzer is given by:
Where F and H are the x and y components of nonlinear optical Kerr response field amplitudes, the subscripts "Re" and "Im" represent their real and imaginary parts, respectively. Since the biased angle θ is limited to a few degrees around 0 and E 0 >> |F Re 
On the right of Eq. (3), the first two terms are the standard optical Kerr signals. In addition, for the biased OKG arrangement, a quarter-wave plate could be optionally inserted in front of the output polarizer to provide a π/2 phase bias for x or y components of the light fields. If the optical axis of the quarter-wave plate was parallel to the polarization direction of the input polarizer, the light electric field amplitude E after the analyzer and detected light intensity I would be given by:
The detailed theoretical analysis of the biased OKG and its applications on molecular dynamics can be found elsewhere [23] . Here, we focused our attention on the imaging information carried by the biased optical Kerr gated light fields. In the BOKGI system, when the imaging beam passes through the biased OKG, it is firstly Fourier decomposed into different spatial frequency components by the converging lens, which are inverse Fourier transformed to form a true image of the object by the collimating and the imaging lenses. In this process, the biased OKG actually play a crucial role to manipulate the spatial frequency spectrum of the object. Since the nonlinear optical Kerr response fields suffer from the lowpass filtering caused by the photo-induced soft aperture described above, the imaging information carried by the standard optical Kerr signals is the low spatial frequency components of the object. The loss of the high spatial frequency components of the object reduces the image sharpness and the spatial resolution of the imaging system. Unlike the nonlinear optical Kerr response fields, the optical local oscillator field, which is a fraction of the optical electric field of the incident imaging beam, contains all spatial frequency components of the object. So the optical local oscillator field enable effectively retrieve the high spatial frequency components of the object. As a result, the BOKGI performance would be improved as shown in next section of this paper. It should be mentioned that whether the biased angle was positive or negative, the retrieved high spatial frequency components of the detected object might show significantly different imaging performance, which will be also discussed later. Fig. 2 . Schematic of the biased optical Kerr gated imaging system in our experiment. Figure 2 shows the schematic of the biased optical Kerr gated imaging system in our experiment. The experiments were carried out using femtosecond laser pulses with duration of approximately 50 fs and a center wavelength of 800 nm, emitting from a Ti:sapphire laser system at a repetition rate of 1 kHz. Because the gating pulse might undergo some forward scattering in the Kerr medium and enter the camera to generate significant background noise in the image, a dielectric short-pass filter was used to split the laser beam into two parts. The transmitted part was used as the imaging beam and the reflective part was used as the gating beam, the scattered light of which could be rejected with a long-pass filter. Two neutral attenuators were used to adjust their intensities. The gating beam was optically delayed using a stepper motor resulting in a 0.52 fs/step delay resolution, and then focused into a biased OKG to control its open/close state. A half-wave plate was inserted in the gating beam path to rotate its polarization by π/4 for the maximum gating efficiency. The imaging beam, passed through a object (United States Air Force test pattern), was then focused into the biased OKG. The carbon disulfide (CS 2 ) filled in a glass cuvette with a path length of 1 mm was used here as the optical Kerr material and located at the back focal plane of the lens.
When the biased OKG was opened at the zero time delay, after recollimation by a lens behind the analyzer, the imaging beam was detected by CCD camera through another imaging lens. As mentioned above, a long-pass filter was placed before the CCD camera to block noise light caused by the gating beam. Both the short and long wave pass filters have low out-of-band transmittance less than 0.1%. The average transmittance is 80% for the longpass filter and 65% for the short-pass filter. A neutral attenuator was also used to avoid laser damage on the CCD camera, when the intensity of the gated imaging beam was too strong. In the BOKGI system, the time resolution is limited by either the duration of the laser pulse or the response time of the Kerr medium, whichever is longer. In our experiment, the time resolution of the imaging system has been measured to be about 1.6 ps, which is equal to the molecular relaxation time of the CS 2 . Because the images intensity would gradually decrease with increasing the delay time between the gating pulse and the imaging pulse due to the decreased transmittance of the OKG, all the signal images were captured at zero delay time in following discussions. In addition, the images without existence of the gating laser pulse were subtracted from the signal images to remove the remaining leakage through all the filters and the OKG.
Results and discussion
To convince the reliability of our biased OKG experimental arrangement, the angular dependence of the BOKGI signals of our imaging system were firstly measured and shown in Fig. 3 . The optical axis of the quarter-wave plat was parallel to the polarization direction of the input polarizer. Form Fig. 3 , we can see that the BOKGI signals were proportional to the biased angles. In addition, because the real parts are bigger than the imaginary parts of the nonlinear optical response fields for CS 2 at 800 nm, it also can be seen from Fig. 3 that the BOKGI signals with the quarter-wave plate is bigger than those without the quarter-wave plate at the same biased angle. The experimental results agree well with the biased OKG theory as described in Eqs. (3) and (5) . In addition, it should be noted that the BOKGI signal might be negative at the positive biased angle. It can be qualitatively explained as follows. In the BOKGI system, when there is no gating laser pulse present, a fraction of the imaging beam passes through the BOKG and is detected as the biased signal. When the gating laser pulse is introduced into the Kerr medium and induced the transient birefringence, the biased signal will decrease at the positive biased angle and increase at the negative biased angle. Actually, BOKGI signal intensity shown in Fig. 3 is the difference between the biased signal with the gating laser pulse and the biased signal without the gating laser pulse. . For direct imaging arrangement, the Kerr medium was removed and the polarization direction of the analyzer was adjusted to that of the polarizer. For spatial filtering arrangement, the Kerr medium was replaced by a pinhole. The imaging objects were the resolution test patterns, partial sizes of which in white rectangle are shown on the right. From the rows (1) ~(5) of Figs. 4(b) and 4(c), the filtering aperture sizes for SFI are about 1100 µm, 600 µm, 340 µm, 340 µm, and 340 µm, respectively, and the spot diameters (FWHM) at the optical Kerr medium surface of the gating beam are about 1100 µm, 500 µm, 330 µm, 330µm, and 330 µm, respectively.
From rows (1) ~(3) of Fig. 4(b) , we can see that the image sharpness decreased with decreasing the pinhole size in SFI system. Similarly, the image sharpness also decreased with decreasing the photo-induced soft aperture in OKGI system as shown in rows (1) ~(3) of Fig.  4(c) . Because the size of the photo-induced soft aperture in OKGI system was nearly as big as the pinhole size in SFI system, the experimental results confirmed that the possible reduction of the image sharpness for OKGI was caused by the low-pass filtering effect. Moreover, the low-pass filtering effect could even blur the images with decreasing the object size in OKGI and SFI systems as shown in rows (3) ~(5) of Figs. 4(b) and 4(c) , respectively. However, because of effective retrieval of the high spatial frequency components of the object as mentioned above, the image sharpness for BOKGI was almost the same as that for imaging directly as shown in rows (1) (5), the filtering aperture sizes for SFI are about 1100 µm, 600 µm, 340 µm, 340µm, and 340 µm, respectively, and the spot diameters at the optical Kerr medium surface of the gating beam were measured to be about 1100 µm, 500 µm, 330 µm, 330µm, and 330 µm, respectively.
As described in Eqs. (2)-(5), the retrieval of the high spatial frequency components of the object for BOKGI would change with different biased angles and finally affect the BOKGI performance. To further find out the performance of BOKGI at different biased angles, we then photographed some images in BOKGI system at several different biased angles of −1°, −3°, −5°, 1°, 3°, and 5°. Here, the spot diameter (FWHM) at the optical Kerr medium surface of the gating beam was about 330 µm. The objects were some patterns in Group 1 of the resolution test target. The experimental result was shown in Fig. 5(a) . For comparison, the same objects were also photographed directly and in OKGI arrangement as shown in Figs. 5(b) and 5(c), respectively. From the first row of Fig. 5(a) , we can see that when the biased angles are negative, the image sharpness increases with increasing the biased angles. At biased angle −5°, the image sharpness for BOKGI is nearly the same as that for imaging directly shown in Fig. 5(b) . However, from the second row of Fig. 5(a) , we can see that when the biased angles are positive, the images do not only increase sharpness with increasing the biased angles, but also gradually show an unnatural reversed contrast of the resolution test patterns. This can be explained as follows.
When the biased angles were negative, the retrieved high spatial frequency components were in phase with the low spatial frequency components in the spatial frequency domain according to Eqs. (2) and (4) . In this case, the light fields after the biased OKG have the similar spatial frequency components as those the incident imaging beam carried, except that they have different amplitude ratios between the high and the low spatial frequency components. So when the biased angles were negative, the image sharpness increased with increasing the biased angles due to the gradually enhanced retrieval of the high spatial frequency components of the object. However, when the biased angles were positive, the retrieved high spatial frequency components were out of phase with the low spatial frequency components. Depending on the proportion of the inverted-phase high spatial frequency components in the whole spatial frequency components of the object, the object image might show the unnatural reversed contrast as shown in the second row of Fig. 5(a) . A schematic simulation was further performed to prove the inference, in which To quantitatively compare the performance of the OKGI and the BOKGI systems, we further evaluated the modulation transfer function (MTF) of both imaging systems according to MTF = Contrast i / Contrast ref , where Contrast = (I max -I min ) / (I max + I min ). The Contrast i represents the contrast for a resolution test pattern measured, i denotes its spatial frequency, I max is the average light intensity corresponding to the unshadowed region of the imaged resolution chart, and I min is the average light intensity corresponding to the shadowed region.
In addition, the reference contrast Contrast ref was determined by the contrast of the resolution test pattern with lowest spatial frequency in the image. Here, Contrast ref = Contrast (1.12 lp/mm (line pairs per millimeter)). From Fig. 6 , we can see that the MTF value for BOKGI is higher than that for OKGI for a same resolution test pattern. In addition, the cutoff spatial frequency of the BOKGI system is 40 lp/mm and gives a spatial resolution of 12.5 µm. Comparing with the BOKGI system, the cutoff spatial frequency of the OKGI system reduced to 16 lp/mm with a resolved object size of 31.25 µm. These results indicate that the performance of the imaging system can be effectively improved by using the biased OKG than that by using the conventional OKG. It should be also noted that although the BOKGI can enhance the sharpness of images and provide a higher spatial resolution of the imaging system, the BOKGI at a big biased angle would cause a reduction in the signal dynamic range. Thus a small biased angle (< 5°) was used in out experiment. As one of the potential applications, we finally demonstrated to image an object hidden behind turbid medium by using the BOKGI method. Some resolution test patterns were selected as the imaging objects and a dense suspension of 3.13-μm-diameter polystyrene microspheres was used as the turbid medium. Figure 7 (a) shows a disturbed image of the objects by imaging directly. From Fig. 7(a) , we can see that the image contrast decreases due to the scattering noise photons. Figures 7(b) and 7(c) show the images of the objects by the OKGI and the BOKGI, respectively. From Figs. 7(b) and 7(c), we can see that comparing with the OKGI, the BOKGI does not only increase the visualization of the objects, but also increases the image sharpness.
Conclusion
In summary, we proposed a BOKGI method for ultrafast imaging. The performance of the BOKGI system has been investigated. Experimental results showed that by using the BOKGI, the high spatial frequency components of the detected object could be effectively retrieved, which are often filtered by the photon-induced soft aperture in a conventional OKGI system. Comparing with the conventional OKGI method, the BOKGI method could enhance the sharpness of images and provide a higher spatial resolution of the imaging system. In addition, the BOKGI with positive biased angles did not only show increased image sharpness with increasing the biased angles, but also gradually exhibited an unnatural reversed contrast compared with the BOKGI with negative biased angles. This phenomenon was attributed to the different phase between the high and the low spatial frequency components of the object, which were carried by the biased optical Kerr gated imaging beam. In the end, the BOKGI for objects hidden behind turbid medium has been demonstrated to give an example of its applications.
